INTRODUCTION
============

One-repetition maximum (1RM) lifts are one of the major methods of evaluating strength performance among college football players and are considered by most strength and conditioning professionals to be the most valid and reliable measures of muscular strength. However, there may be occasions when a non-performance technique for estimating maximal strength could be of value to save time, avoid disrupting the training schedule, and minimize potential fatigue and injury of players.

Several non-performance approaches have employed various anthropometric dimensions to identify maximal strength potential ([@b2-ijes_09_04_427]--[@b4-ijes_09_04_427], [@b7-ijes_09_04_427], [@b11-ijes_09_04_427], [@b17-ijes_09_04_427]--[@b19-ijes_09_04_427], [@b23-ijes_09_04_427], [@b25-ijes_09_04_427], [@b29-ijes_09_04_427]). These approaches typically utilize muscle circumferences, skeletal lengths, body composition parameters, or some combination of these to predict strength level. Previous studies have successfully used arm circumference or arm cross-sectional area (CSA) in conjunction with arm length and %fat to estimate 1RM bench press with reasonable success ([@b7-ijes_09_04_427], [@b17-ijes_09_04_427]--[@b19-ijes_09_04_427], [@b23-ijes_09_04_427]).

Previous studies have noted different degrees of variation in anthropometric measurements among testers ([@b1-ijes_09_04_427], [@b9-ijes_09_04_427], [@b10-ijes_09_04_427], [@b12-ijes_09_04_427], [@b13-ijes_09_04_427], [@b21-ijes_09_04_427], [@b22-ijes_09_04_427]). Lacking is information on the effect that variations in measurement technique among different testers might have on the accuracy of anthropometric predictions of strength performance. The presence of considerable variation in anthropometric assessment would limit the utility of non-performance equations for estimating muscular strength. However, an acceptable level of variation among testers might provide support for the use of a non-performance prediction of muscular strength as an estimate of strength potential or a guide to establishing training loads. Therefore, the purpose of this study was to determine the effect of inter-investigator differences in anthropometric assessment on the prediction of 1RM bench press in college football players.

METHODS
=======

Participants
------------

Thirty-four Division-II college football players (13 linemen and 21 backs) were measured at the conclusion of a 10-week winter heavy resistance training program for 1RM bench press, three skinfolds, and two muscle circumferences. Participants were informed of the risks and benefits of the testing program and signed an informed consent document prior to testing. All testing protocols were approved by the university's Institutional Review Board for Studies Involving Human Subjects. No players under 18 years of age or who had sustained an upper-body injury within the previous six months participated in this study.

Protocol
--------

Upper-body strength was assessed on the same day for all participants with 1RM bench press using the touch-and-go method. All players had a minimum of five years of heavy-resistance training, were skilled in the performance of the lift, and had utilized it routinely throughout their training program. Each player was encouraged to arrive at the testing site well hydrated; in addition, each player had a water bottle available throughout testing.

Each player warmed up using one set of 10 repetitions at 50% of subjectively estimated 1RM, one set of five repetitions at 70%, and one set of two repetitions at 80% of estimated 1RM, followed by single repetitions at 90%, 100%, and 105%. The progression of loads continued until the player was unable to complete a single repetition, with all players reaching 1RM within five attempts. A minimum of five minutes rest was given between single-repetition attempts. Each lift required the player to lower the bar slowly to touch the chest before being pressed immediately to full arms' extension. The head, shoulders, and buttocks remained in contact with the bench throughout the lift. Reliability for this lift has previously been established at r\>0.98 ([@b20-ijes_09_04_427]).

Three investigators with varying levels of experience measured selected anthropometric dimensions on each player in random order. Tester 1 (\>40 years) and Tester 2 (\>15 years) were very experienced at measuring anthropometric variables, while Tester 3 was a strength coach with minimal anthropometric experience (\<1 year).

Skinfolds were measured in triplicate on the right side of the body by each investigator at the triceps, subscapular, and abdominal sites according to the procedures suggested by Lohman, Roche, and Martorell ([@b16-ijes_09_04_427]). Skinfolds were measured using Lange calipers and recorded to the nearest 0.5 mm. The triceps skinfold was measured midway between the acromion process and olecranon process on the posterior aspect of the arm. The subscapular skinfold was measured at an oblique angle two centimeters below the tip of the scapular. The abdominal skinfold was measured vertically one centimeter to the right of the navel. The average of the three measurements was used to represent each site. The sum of the average of the three skinfolds was used to estimate body density using the Lohman equation ([@b15-ijes_09_04_427]). Density was converted to %fat using the Siri equation ([@b26-ijes_09_04_427]).

Arm circumference was measured around the flexed right biceps muscle at its greatest circumference. Arm muscle cross-sectional area (CSA) was calculated from arm circumference corrected for triceps skinfold using the Gurney and Jelliffe equation ([@b5-ijes_09_04_427]). Chest circumference was measured at the level of the nipples at mid-expiration ([@b16-ijes_09_04_427]). Measures of circumference were determined with a vinyl tape (Lafayette Instruments, Lafayette, IN, model F00570). The average of the three measurements was used to represent each site for each tester.

Bench press was predicted from arm CSA, body mass index (BMI), and %fat derived from each tester's measurements using the following equation previously developed on Division II players ([@b19-ijes_09_04_427]):
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Statistical Analysis
--------------------

Means and standard deviations were calculated for each variable using SPSS version 21 (IBM, Armonk, NY). Multivariate repeated-measures analysis of variance (ANOVA) was used to evaluate the difference among testers for all anthropometric variables and predicted bench press. The alpha level of set at p≤0.05. If sphericity was significant as determined by Mauchly's *W*, the Huynh-Feldt adjustment was applied to determine significance. When significance was achieved, the Bonferroni method was used to determine differences. Intraclass correlation coefficients (ICC) were used to assess the degree of agreement among testers for each variable ([@b28-ijes_09_04_427]). Inter-investigator coefficient of variation (CV%) was estimated according to the formula: $\text{CV}\% = \left\lbrack \sqrt{SS_{tester}/(n - 1)} \right\rbrack/\text{mean}$ where: SS~tester~ = sum of squares among for testers, mean = average of a variable across testers.

RESULTS
=======

Significant differences among testers were evident on seven of the nine anthropometric variables ([Table 1](#t1-ijes_09_04_427){ref-type="table"}). The tester with the least experience (Tester 3) was significantly different from the other testers on seven variables (triceps, abdominal, and sum of skinfolds, %fat, FFM, flexed arm circumference, and arm CSA), while the two more experienced testers were significantly different on only one variable (flexed arm circumference). Flexed arm circumference was the only variable where all three testers differed significantly. Despite the differences among testers, the inter-tester coefficients (ICC) were considered high for each variable and were supported further by the low CV% for all measurements ([Table 1](#t1-ijes_09_04_427){ref-type="table"}). The similarity among the testers was reflected further in the agreement of the correlation of anthropometric variables with 1RM bench press ([Table 2](#t2-ijes_09_04_427){ref-type="table"}).

Actual bench press 1RM was 129.2 ± 20.6 kg. Using the anthropometric equation previously developed on Division-II players ([@b19-ijes_09_04_427]), predicted 1RM bench press values were significantly lower for Testers 1 and 2 than for Tester 3 ([Figure 1](#f1-ijes_09_04_427){ref-type="fig"}). However, none of the predicted 1RM differed significantly from the actual values ([Table 1](#t1-ijes_09_04_427){ref-type="table"}). All three testers tended (p\>0.12) to overestimate actual 1RM by 3--6% in the lower half of the 1RM continuum ([Figure 2](#f2-ijes_09_04_427){ref-type="fig"}). In the upper half of the 1RM continuum, Testers 1 and 2 tended to underestimate 1RM (p\<0.01) to a greater degree (4--8%) than did Tester 3 (\<1%).

In the lower half of the body mass continuum, all three testers tended (p\>0.11) to slightly underestimate the actual 1RM value by 4--6% ([Figure 3](#f3-ijes_09_04_427){ref-type="fig"}). In the upper half of the body mass continuum, Tester 3 overestimated the actual 1RM to a significantly greater degree (p\<0.01) than Testers 1 and 2; Tester 1 and 2 underestimated by 2--4%, while Tester 3 overestimated by 8%.

When the difference between predicted and actual 1RM was considered relative to FFM, all three testers tended (p=0.07) to underestimate actual 1RM by 3--6% ([Figure 4](#f4-ijes_09_04_427){ref-type="fig"}). In the lower half of the FFM continuum, predicted 1RM by Tester 3 was significantly higher than those by Testers 1 and 2, and the latter two did not differ significantly. In the upper half of the FFM continuum, Tester 3 significantly overestimated actual 1RM by 9%, while Tester 1 overestimated by 4% and Tester 2 underestimated by 2%.

The interclass correlation coefficients between predicted and actual 1RM were significant and showed good agreement for Tester 1 (ICC = 0.787), Tester 2 (ICC = 0.775), and Tester 3 (ICC = 0.821). The CV was acceptable for each tester (CV\<12.5%). Rank order correlations between predicted and actual 1RM for each tester to determine the position of players relative to their teammates were significant (Tester 1, rho = 0.67; Tester 2, rho = 0.64; Tester 3, rho = 0.73) and did not differ significantly, suggesting good agreement among testers when ranking player strength based on the predicted 1RM ([Figure 5](#f5-ijes_09_04_427){ref-type="fig"}).

DISCUSSION
==========

The major finding of this study suggests that investigator experience may produce only minor differences in the measurement of anthropometric variables in male athletes and therefore may allow reasonable predictions of 1RM bench press from an anthropometric equation. The slight difference among investigators with varying levels of experience does not appear to drastically influence their ability to estimate %fat from skinfold measurement ([@b9-ijes_09_04_427], [@b13-ijes_09_04_427], [@b22-ijes_09_04_427]). These results disagree with previous studies that suggested that more experience would reduce the difference in skinfold measurement among investigators ([@b12-ijes_09_04_427]). In an earlier study, investigators utilized a skinfold tester with 17 years of experience as the expert for comparison with two testers who trained for 30 minutes versus two self-taught testers ([@b12-ijes_09_04_427]). Their results indicated greater inter-investigator reliability for the two testers trained by the expert than for those who were self-taught, which seems logical since the expert would have corrected "errors" by the trainers to his way of testing. A recent study comparing measurement differences among four investigators, each with more than 15 years of experience, found significant differences in skinfold measurement that manifested in significantly different predicted %fat values ([@b1-ijes_09_04_427]). These results might call into question testing longevity as a criterion for experience since the years of independent practice may have perfected individual idiosyncrasies that could result in differences in measurement.

Skinfold sites were not marked in the current study, as is typical of a mass testing scenario in an athletic setting ([@b22-ijes_09_04_427]). Thus, the slight variations in measurement could have been related to the location of skinfold sites by each investigator ([@b24-ijes_09_04_427]). The average variation among the investigators for the three skinfolds in the current study (5 mm) was identical to that noted previously for the triceps measurement when testers varied their caliper placement by 2.5 cm ([@b24-ijes_09_04_427]). Jackson et al. ([@b10-ijes_09_04_427]) earlier noted that the sum of several skinfolds probably has less inter-investigator variance than individual skinfold measurements since the variation among testers are not typically all of the same magnitude or in the same direction. The current study utilized a similar design to that of Jackson et al. ([@b10-ijes_09_04_427]) in that three testers of differing levels of experience were compared; however, the testers in that study practiced the measurements together prior to actually testing subjects, whereas our testers did not and relied on their previous training to locate and measure anthropometric variables.

The variations among testers in circumference measurements were less than those for skinfolds, which agreed with previous findings ([@b21-ijes_09_04_427]). The average variation among testers for arm (0.8 cm) and chest circumferences (2.1 cm) were slightly less than those shown previously ([@b10-ijes_09_04_427], [@b21-ijes_09_04_427]). Some of the difference in flexed arm and chest measurements could have been due to variations in flexion by the players, as well as slight difference in placement of the tape by investigators. The contribution of skinfold measurement to the estimation of CSA was \<3% for each tester, relegating the majority of the variance accounted for in CSA to arm circumference measurement. Since arm CSA accounted for the greatest percent of the known variance in 1RM bench press prediction, the high degree of agreement among the testers (ICC = 0.991) might have been a factor in the non-significant difference of their predicted values with actual 1RM.

The small measurement variations among investigators in the current study also may have contributed to the similarity in their correlations between anthropometric variables and 1RM bench press performance ([Table 2](#t2-ijes_09_04_427){ref-type="table"}). However, the slight variation in anthropometric variables among the investigators produced minor yet significantly higher values for the least experienced tester, even though the predicted 1RM values were not significantly different from the actual 1RM. Although two testers slightly underpredicted and one slightly overpredicted 1RM, 59% of the predicted values were within ±10% of the actual 1RM ([Figure 2](#f2-ijes_09_04_427){ref-type="fig"}). This outcome suggests that investigator differences in anthropometric variables did not produce large differences between each investigator's predicted 1RM and actual 1RM performance ([Figure 1](#f1-ijes_09_04_427){ref-type="fig"}). There was a tendency for the testers with greater experience to overestimate 1RM at higher actual 1RM values, a trend that was similar to that noted when comparing the difference between predicted and actual values to body mass ([Figure 3](#f3-ijes_09_04_427){ref-type="fig"}). When the difference between predicted and actual 1RM values where compared across the FFM continuum, players with lower FFM tended to be underpredicted while those with greater FFM tended to be overpredicted ([Figure 4](#f4-ijes_09_04_427){ref-type="fig"}).

The good agreement among the testers for ranking players for strength based on predicted 1RM (ICC = 0.94) might allow a convenient method for assessing strength progression without frequent 1RM testing or for estimating strength potential based on size. Future investigation is warranted to assess the reliability among testers with various levels of expertise in anthropometric measurement to determine the smallest worthwhile difference that would be acceptable for indicating that a meaningful change in strength has occurred. Furthermore, it would be helpful to strength and conditioning specialists to have more assessments of reliability of the actual 1RM method in highly trained players in order to evaluate the smallest worthwhile change that would reflect a true improvement in actual strength. A combination of these statistical evaluations could determine the feasibility of using an anthropometric approach to track changes in actual 1RM strength across a training cycle.

In conclusion, anthropometric prediction of upper-body strength in football players shows a modest level of potential as a means of evaluating performance and does not seem to vary greater among testers with differing degrees of experience. However, care should be taken not to set finite limits on strength potential solely from anthropometric dimensions of players despite the consistent agreement among testers. Neurological factors and muscle fiber characteristics that are not possible to measure with surface anthropometry might exert considerable influence on a player's ability to produce maximum strength performance ([@b6-ijes_09_04_427], [@b14-ijes_09_04_427], [@b27-ijes_09_04_427]). However, a quick screening procedure using these anthropometric variables would take typically less than two minutes to perform on each player which may suffice when time is limited. The current results suggest that several members of the strength and conditioning staff with varying degrees of experience could perform measurement simultaneously without major loss of accuracy.

![Absolute (kg) and relative difference (%) between predicted and actual 1RM (Mean ± SD) among testers.](ijes_09_04_427f1){#f1-ijes_09_04_427}

![Comparison of differences between predicted and actual 1RM with actual 1RM bench press performances for football players (n = 34)(solid line = Tester 1; dashed line = Tester 2; dotted line = Tester 3).](ijes_09_04_427f2){#f2-ijes_09_04_427}

![Comparison of differences between predicted and actual with body mass for football players (n = 34)(solid line = Tester 1; dashed line = Tester 2; dotted line = Tester 3).](ijes_09_04_427f3){#f3-ijes_09_04_427}

![Comparison of differences between predicted and actual 1RM with fat-free mass for football players (n = 34)(solid line = Tester 1; dashed line = Tester 2; dotted line = Tester 3).](ijes_09_04_427f4){#f4-ijes_09_04_427}

![Comparison of the difference between predicted and actual ranks with actual rank of football players for 1RM bench press (n = 34).](ijes_09_04_427f5){#f5-ijes_09_04_427}

###### 

Comparison of anthropometric dimensions and predicted 1RM bench press among testers.

  Variable                                                           Tester 1                                                    Tester 2                                                   Tester 3                                                     ICC     CV%[†](#tfn1-ijes_09_04_427){ref-type="table-fn"}   ME (%)[‡](#tfn2-ijes_09_04_427){ref-type="table-fn"}
  ------------------------------------------------------------------ ----------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------------ ------- --------------------------------------------------- ------------------------------------------------------
  Triceps SKF (mm)                                                   10.1 ± 3.7                                                  9.7 ± 3.5                                                  11.1 ± 4.1[a](#tfn3-ijes_09_04_427){ref-type="table-fn"}     0.895   9.9                                                 10.5
  Subscapular SKF (mm)                                               16.6 ± 7.9                                                  16.9 ± 8.4                                                 15.8 ± 6.7                                                   0.971   5.0                                                 2.9
  Abdominal SKF (mm)                                                 21.6 ± 9.0                                                  23.8 ± 12.9                                                18.4 ± 6.7[b](#tfn4-ijes_09_04_427){ref-type="table-fn"}     0.893   18.8                                                10.7
  Sum of SKF (mm)                                                    48.3 ± 17.9                                                 50.4 ± 23.0                                                45.1 ± 15.4[a](#tfn3-ijes_09_04_427){ref-type="table-fn"}    0.947   7.9                                                 5.3
  %fat                                                               16.6 ± 5.7                                                  17.2 ± 7.4                                                 15.6 ± 5.0[a](#tfn3-ijes_09_04_427){ref-type="table-fn"}     0.948   7.2                                                 5.2
  FFM (kg)                                                           82.1 ± 10.7                                                 81.1 ± 8.2                                                 83.3 ± 11.7[b](#tfn4-ijes_09_04_427){ref-type="table-fn"}    0.976   1.9                                                 2.4
  Flexed Arm Cir (cm)                                                39.1 ± 3.8[d](#tfn6-ijes_09_04_427){ref-type="table-fn"}    38.8 ± 3.7[d](#tfn6-ijes_09_04_427){ref-type="table-fn"}   39.7 ± 3.8[d](#tfn6-ijes_09_04_427){ref-type="table-fn"}     0.995   1.8                                                 0.5
  Arm CSA (cm^2^)                                                    113.1 ± 28.2                                                111.3 ± 21.0                                               115.8 ± 22.2[b](#tfn4-ijes_09_04_427){ref-type="table-fn"}   0.991   3.0                                                 0.9
  Chest Cir (cm)                                                     109.8 ± 8.2[c](#tfn5-ijes_09_04_427){ref-type="table-fn"}   108.3 ± 7.7                                                108.8 ± 7.5                                                  0.989   1.0                                                 1.1
  Predicted 1RM (kg)[e](#tfn7-ijes_09_04_427){ref-type="table-fn"}   126.9 ± 20.6                                                123.4 ± 22.0                                               132.1 ± 28.4[b](#tfn4-ijes_09_04_427){ref-type="table-fn"}   0.957   5.0                                                 4.3

Inter-investigator coefficient of variable calculated as $\text{CV}\% = \left\lbrack \sqrt{SS_{tester}/(n - 1)} \right\rbrack/\text{mean}$.

Percent measurement error calculated as ME% = (1 − ICC) × 100.

Significantly different from Tester 2.

Significantly different from Testers 1 and 2.

Significantly different from Testers 2 and 3.

Significantly different among all testers.

Actual 1RM bench press = 129.2 ± 20.6 kg.

###### 

Pearson correlations between anthropometric variables and 1RM bench press in college football players for different testers (n = 34).

  Variable               Tester 1                                                Tester 2                                                Tester 3
  ---------------------- ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------
  Triceps SKF (mm)       0.23                                                    0.31                                                    0.31
  Subscapular SKF (mm)   0.52[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.47[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.47[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  Abdominal SKF (mm)     0.37[\*](#tfn8-ijes_09_04_427){ref-type="table-fn"}     0.43[\*](#tfn8-ijes_09_04_427){ref-type="table-fn"}     0.43[\*](#tfn8-ijes_09_04_427){ref-type="table-fn"}
  Sum of SKF (mm)        0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  %fat                   0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.46[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  FFM (kg)               0.47[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.49[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.53[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  Flexed Arm Cir (cm)    0.70[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.69[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.69[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  Arm CSA (cm^2^)        0.70[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.68[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.68[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}
  Chest Cir (cm)         0.98[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.64[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}   0.64[\*\*](#tfn9-ijes_09_04_427){ref-type="table-fn"}

p\<0.05,

p\<0.01

[^1]: Denotes graduate

[^2]: Denotes professional author
